Terahertz vibration-rotation-tunneling transitions have been measured between ca. 78.5 and 91.9 cm -1 , and assigned to A-E (ortho-para) combinations of NH 3 monomer states. The spectrum is complicated by inversion splittings that correlate to E symmetry monomer rovibronic states. Twenty progressions have been assigned to six excited states involving an out-of-plane vibration and an in-plane intermolecular vibration. The quality of the fit was affected by strong Coriolis interactions among these states and possibly an additional K ) 2 state that was not explicitly observed in the data.
Introduction
Ammonia is one of the three textbook examples of hydrogen bonding. It had been generally assumed that all three corresponding gas-phase dimers (HF) 2 , (H 2 O) 2 , and (NH 3 ) 2 have similarly bonded structure and rigidity, and indeed, both (HF) 2 and (H 2 O) 2 have been found experimentally to be relatively rigid (when compared to van der Waals complexes), with near-linear hydrogen-bonded structures in the gas phase. It was not until the mid-1980s that the first high-resolution microwave spectra [1] [2] [3] revealed that (NH 3 ) 2 was dissimilar to (HF) 2 and (H 2 O) 2 . Since then, the ammonia dimer has attracted much attention from both experiment and theory. Notably, Loeser et al. 4 reported the complete far IR spectrum of the ground vibration-rotationtunneling (VRT) states, in which they characterized the complex nature of the tunneling dynamics of the ammonia dimer, showing it to be one of the most nonrigid hydrogen-bonded complexes yet studied. We reviewed the recent experimental works in a recent paper. 5 The extensive VRT spectroscopic works on the water dimer have helped the determination of its potential surface. [6] [7] [8] [9] Leforestier et al. 10 developed a full dimensionality (12D) potential surface for the water dimer via direct inversion of spectroscopic data and used it to evaluate the equilibrium constant. 11 Most recently, Bukowski et al. 12 developed a force field of water entirely from first principles, which predicted excellent agreement with VRT experiments. It is now evidenced from both experimental and theoretical studies that the potential surface of the ammonia dimer is indeed extremely flat. Boese et al. 13 investigated the ammonia dimer using a novel density functional, which calculated the energy difference between the global minimum eclipsed C s structure and the transition state C 2h structure to be only about 3.5 cm -1 . In order to proceed toward the ultimate goal of determining an accurate intermolecular potential surface like what has been done for the water dimer, it is necessary to thoroughly characterize the intermolecular vibrations. We recently reported the measurement and assignment of the VRT spectrum of (NH 3 ) 2 states correlating asymptotically to A-A symmetry monomer rovibronic states of an out-of-plane vibration. 5 In the present work, we extend the analysis to (NH 3 ) 2 states correlating asymptotically to A-E symmetry monomer states. Measurements were made for both K ) 0 and 1 states. The spectra are complicated by strong Coriolis interactions between K ) 0 and 1 states and inversion tunneling of the ammonia subunit correlating to E symmetry monomer rovibronic states. More than 900 transitions were measured and assigned for the ammonia dimer to both an outof-plane vibration and an in-plane vibration. Transitions belonging to (NH 3 ) 2 E-E (para-para) states were also measured and assigned. A preliminary account was given by Loeser et al. 14 Figure 1 shows the recorded stick spectrum of the measured transitions.
The molecular symmetry group required to completely describe the VRT states of the ammonia dimer must contain all of the feasible permutation-inversion (PI) operations, which can be expressed as 3 × 3 × 2 × 2 × 2 × 2 ) 144, where 3 × 3 refers to the three internal rotation positions of both ammonia subunits, 2 × 2 refers to the interchange of the two ammonia groups and the reflection in the assumed plane of symmetry, and the last 2 × 2 refers to the inversion tunneling of both ammonia groups. This corresponds to the molecular symmetry group G 144 . In their analysis of the microwave spectrum of the ammonia dimer, Nelson and Klemperer 2 elegantly explored the nature of the tunneling states of (NH 3 ) 2 using group theoretical correlation diagrams. Assuming the C s point group (the ammonia dimer with a plane of symmetry) for the rigid non-tunneling ammonia dimer, they identified G 36 as the molecular symmetry group. This engendered a key question in interpreting the spectrum: Is the interchange tunneling much faster than the C 3 internal rotation (the I + 2C 3 limit), or does the opposite (the 2C 3 + I limit) hold? They concluded that 2C 3 + I was the correct limit. Coudert and Hougen 15 derived the energy level expressions for the general (XY 3 ) 2 systems of G 36 symmetry, again assuming no inversion and "moderately high" barriers for all the internal motions. The complete characterization of the ground VRT state of the dimer by Loeser et al. 4 and the fully coupled six dimensional dynamical calculations of Olthof et al. 16, 17 conclusively identified the complex tunneling dynamics of this extremely floppy cluster. These include (a) interchange tunneling, which exchanges the donor-acceptor roles of the two ammonia subunits, (b) internal rotation tunneling, which involves the rotation of each of the ammonia molecules along its C 3 symmetry axes, and (c) umbrella inversion tunneling of the ammonia monomers that correlate to E symmetry monomer rovibronic states. The determined inversion-tunneling splittings showed that the inversion tunneling of the ammonia in (NH 3 ) 2 is, although largely hindered, still observable in the spectra. Hence it is necessary to increase the number of PI operations of the G 36 group by a factor of 2 × 2, making it the G 144 group. These analyses ruled out the 2C 3 + I limit, and identified the I + 2C 3 + i limit as the appropriate description of the tunneling dynamics. There have been some additional helpful discussions on this topic. Müller-Dethlefs and Hobza 18 used the ammonia dimer as an illustrative example in their review article on noncovalent interactions. Havenith 19 recently reviewed the experimental studies of the ammonia dimer. Bunker and Jensen 20 discussed the ammonia dimer in their book on molecular symmetry and spectroscopy.
Experimental Section
Terahertz VRT spectra of the ammonia dimer were observed in a continuous supersonic planar jet expansion probed by a tunable far-infrared (terahertz) laser spectrometer. The spectrometer has been described in detail elsewhere, 21, 22 so only a brief description is given here. The tunable terahertz radiation is generated by mixing light from an optically pumped linetunable far-infrared gas laser with continuously tunable frequencymodulated microwaves in a Schottky barrier diode to generate light at the sum and difference frequencies (V ) V FIR ( V MW ). The tunable sideband radiation is separated from the much stronger residual THz center frequency radiation with a Michelson polarizing interferometer and is then directed to multipass optics that encompass the supersonic expansion. This supersonic expansion, formed by expanding 1-2 atm of a 0.5-1% mixture of NH 3 in Ar through a 4′′ × 0.005′′ slit nozzle, creates a beam of ammonia clusters with a temperature of about 4K. After passing ∼8 times through the expansion, the radiation is detected by a liquid helium cooled stressed Ga:Ge photoconductor detector. The far-infrared laser lines used for this scan were 2409.2932 ( (56) Figure 2 is a stick spectrum of the assigned transitions for the A-E (ortho-para) state. The strongest transitions are in the pair of K)0 r 1 (lower) subbands and the two pairs of K)1 r 0 subbands terminating in the 2476.7 and 2528.3 GHz excited states. The pair of K)0 r 1 (upper) subbands was also observed, but they were weaker because of their smaller Boltzmann weights at the 4K beam temperature. These six new excited states correspond to an out-of-plane mode and an in-plane mode. These transitions have been least-squares fit to the following energy level expressions using SPFIT: 23 Here, B is the rotational constant, D is the centrifugal distortion constant, q B represents the parity doubling constant corresponding to asymmetry doubling, which is constrained to be positive in the fit. For the K ) 0 (K ) 1) manifold, expression 1 (2) is used. A Coriolis coupling constant c (≈2 2B ) was used to account for the off-diagonal matrix elements between the two VRT levels of the same J and the same symmetry on K ) 0 and 1. A combinational fit that treats the new THz transitions together with the previously reported ground state transitions, similar to what has been done to the A-A (ortho-ortho) state THz transitions, 5 was attempted but not successful. The strong Coriolis couplings among not only the observed excited states but also between these states and the as yet unobserved K ) 2 state precluded such a satisfactory global fit.
The Out-of-Plane Mode. 210 transitions were assigned to the two K ) 0 stacks at 2585.6 and 2586.7 GHz above the lowest K ) 0 A + E state, and to two K ) 1 stacks of G 2 -/G 2 + symmetry at 2476.7 and 2528.3 GHz of an out-of-plane vibration, based on combination differences. These transitions are listed in Table 1 with their corresponding symmetries. Because of Coriolis coupling between the new K ) states and the 2528.3 GHz manifold, much weaker pairs of K ) 0 r 0 subbands and K ) 0 r 0 Q branches, as well as a K ) 1 r 1 (lower) subband were also observed. Also because of Coriolis coupling between the 2476.7 GHz K ) 1 manifold and another unobserved manifold, a weaker K ) 1 r 1 subband was observed to this state as well. In the analysis of the ground state 
VRT spectra of the A + E states, Loeser et al. 4 observed transitions involving the K ) 2 state and included them in their analysis to achieve a good fit, so it is likely that the missing manifold here is likewise a K ) 2 manifold. Several approaches were attempted to treat these transitions. In Trial 1, we analyzed the data neglecting Coriolis perturbations, and instead added higher centrifugal distortion terms, using the expression
The two degenerate K)1 states were allowed to fit B, D, H, and L independently, only fixed at the same energy. The spectroscopic constants resulting from this are given in Table  2 . These high-order distortion constants do not reflect any physical property of (NH 3 ) 2 , but are merely fitting parameters. 24 If a K ) 0 and a nearby K ) 1 manifold are Coriolis coupled with no other interactions, it should be possible to use only B and D in the energy level expression and off-diagonal Coriolis matrix elements between the levels of the same J and the same symmetry. Unfortunately, as will be discussed below, this deperturbation was not successful. In trial 2, we added the Coriolis coupling constant between the 2528.3 GHz K ) 1 state and the K ) 0 states, but only included a portion of the transitions that were not heavily affected by the other perturbations. It is evident from the large centrifugal distortion constants obtained for all the observed excited states that Coriolis interactions are indeed very important in these A-E states in Trial 1 and 2. The experimental precision was set at 2 MHz in these fits, and all the transitions were weighted equally. The fitted constants from Trial 2 are listed in Table 3 . The quality of the fit suffered from the very strong Coriolis coupling effects. The Coriolis coupling constant between the K ) 1 state and K ) 0 state is 4562 MHz in Trial 2, which indicates a very strong Coriolis interaction between the K ) 0 and 2528.3 GHz K ) 1 states. This Coriolis coupling constant is a factor of 2∼3 times larger than the corresponding ground state Coriolis coupling constants, so that Coriolis interactions over larger energy gaps have a significant effect on the rotational constants too. The consequence is that the deperturbed rotational constants, which might contain useful physical information about the upper state vibrations, cannot yet be considered in this analysis. The effects of the Coriolis couplings also caused the energy levels of the two new K ) 1 states to be situated lower than the K ) 0 states. It is very possible that the 2476.7 GHz K ) 1 state is also involved in the coupling with the K ) 0 states, aside from the 
fact that this state is even more perturbed by another nearby state, which lies at lower energy. In Trial 3, we added the Coriolis coupling constant between the 2476.7 GHz K ) 1 state and the K ) 0 states, with the other constants for that state fixed at the values from Trial 1. Even though the resulting rms of this fit fell within the experimental error, the centrifugal distortion constants for these three states were still larger than are reasonable and the sign of the centrifugal distortion constant for 2528.3 GHz K ) 1 states was also incorrect. Attempts to characterize this elusive perturbing state from its effects on the observed 2476.7 GHz K ) 1 state or its effects on both 2476.7 GHz K ) 1 state and the K ) 0 states, were not successful. The fitted constants from Trial 3 are also listed in Table 3 . Figure 3 displays the energy level diagram for the assigned VRT states of the A-E (ortho-para) state for this outof-plane vibration.
The In-Plane Mode. 72 transitions were assigned to the two
+ symmetry at 2644.1 and 2812.5 GHz, based on combination differences. These transitions are listed in Table 4 with their symmetries. The rotational levels can be fit up to J ) 6 with only the B rotational constant and small D centrifugal distortion constants. These K ) 1 excited states do not appear to be Coriolis-coupled to the 2586 GHz K ) 0 states, even though they lie as close to them as do the 2812.5 GHz K ) 1 states. These two states are assigned to the inplane vibration. The assignment of this vibration is discussed in the next section. For the rotational levels with J > 6, there is a shift that cannot be mathematically described by polynomials in J(J+1). Including higher order distortion terms gave no improvement. These transitions were thus excluded from the fit. The fitted constants for these new states are listed in Table 5 . We note that these K ) 1 excited states (29) dimer and discussed the nature of the inversion-tunneling. They found that the largest inversion splittings occur for the A-E states with K ) 0, because they originate from the inversion tunneling of the para monomer through a true first-order mechanism, whereas for the K ) 1 state, they are introduced by an indirect mechanism through Coriolis coupling. The ammonia dimer can be described by six intermolecular coordinates, as illustrated in Figure 5 , with the a and c inertial axes lying in the assumed plane of symmetry. The three inplane coordinates are R, the distance between the centers of mass of the two monomers, and θ A and θ B , the angles between the monomer C 3 axes and the a-axis, respectively. The three out-of-plane coordinates are A and B , which describe the internal rotation of the monomers about their C 3 axes, and γ, the dihedral angle between the two C 3 axes. Assuming the restoring forces in θ A and θ B to be similar, as well as those for A and B , there should be three in-plane intermolecular vibrations. They are the intermolecular stretch in the R coordinate; the 'trans' in-plane bend in the θ A -θ B coordinate; and the "cis" in-plane bend in the θ A + θ B coordinate. There should also be three out-of-plane intermolecular vibrations. They are the out-of-plane torsion in the γ coordinate; the "geared" out-of-plane twist in the A + B coordinate; and the "antigeared" out-of-plane twist in the A -B coordinate. To our knowledge, only the harmonic frequencies for the intermolecular modes of the ammonia dimer have been calculated from various potential energy surfaces, including the results from Marsden, 25 Dykstra and Andrews, 26 Frisch et al. 27 , Muguet et al. 28 , Bende et al. 29 , and Altmann et al. 30 . The ab initio harmonic vibrational frequencies are known to be often too high for the weakly bound systems. The six dimensional dynamics calculation carried out by the van der Avoird group 16 did not include the higher energy eigenstates. That kind of calculation, even if the model potential was not perfect, would be far more reliable for such a floppy system. In our previous analysis of the A-A state transitions, we assign the transitions to half of the interchange tunneling sublevels of an out-of-plane vibration. We assume that the A-E state transitions discussed here correspond to the same out-ofplane vibration. We note that the ordering of G Extensive continuous spectral coverage at higher frequency is needed in order to study how the interchange motion is affected by this intermolecular out-of-plane vibration. This extension will also yield more information on the in-plane vibration discussed here. Of the possible in-plane modes, the antigeared in-plane bend is predicted to lie 4 times higher in energy by the harmonic calculations, whereas for the van der Waals stretch vibration, we expect a noticeable decrease in B rotational constants with respect to the ground state, which is not observed here. Hence, by elimination, only the geared inplane bend remains as a good candidate for this assignment. Since this motion is in the interchange coordinates, we expect the interchange frequency to increase substantially. We have also measured many transitions for the E-E VRT states of this out-of-plane vibration. 24 At present, the assignment is incomplete, suffering from exceptionally strong Coriolis interactions and yet more complicated tunneling dynamics, which require more extensive spectral coverage to obtain the requisite new data to complete this analysis. Nevertheless, we hope that the present study will motivate detailed study of the ammonia dimer by a similar combination of state of the art dynamics and potential models, such as the ones recently published for the water dimer. 10, 12 This would greatly accelerate our understanding of this important prototype system. The internal coordinate system of the ammonia dimer. R is the distance between the centers of mass of the two monomers. θA and θB are the angles between the monomer C3 axes and the a-axis. A and B describe the internal rotation of the monomers about their C3 axes, and γ is the dihedral angle between the two C3 axes, The a and c inertial axes lie in the assumed plane of symmetry.
